GAP-43 has been termed a "growth" or"plasticity" protein because it is expressed at high levels in neuronal growth cones during development and during axonal regeneration. By homologous recombination, we generated mice lacking GAP-43. The mice die in the early postnatal period. GAP-43-deficient retinal axons remain trapped in the chiasm for 6 days, unable to navigate past this midline decision point. Over the subsequent weeks of life, most GAP-43-deficient axons do enter the appropriate tracts, and the adult CNS is grossly normal. There is no evidence for interference with nerve growth rate, and cultured neurons extend neurites and growth cones in a fashion indistinguishable from controls. Thus, the GAP-43 protein is not essential for axonal outgrowth or growth cone formation per se, but is required at certain decision points, such as the optic chiasm. This is compatible with the hypothesis that GAP-43 serves to amplify pathfinding signals from the growth cone.
Introduction
The growing axon navigates using signals from its local environment. Sperry (1963) proposed that chemoaffinity among a growing neuron, its pathway, and the target serve to generate the precise topography of the brain. Subsequent work revealed that both positive and negative signals guide this patterning, such that growth cones recognize cells and axon bundles and then choose to join or avoid them.
These "choice" or "decision" points are evident in both invertebrates and vertebrates. One such crucial region, conserved through metazoan evolution, is the midline, which some axons cross while others remain ipsilateral. In Drosophila, genetic evidence strongly suggests that single genes encode either attractive or repulsive information responsible for accurate projection of certain fibers across the midline (Seeger et al., 1993) . In vertebrates, the floor plate at the ventral surface of the developing neural tube provides chemotropic information for commissural axons (Tessier-Lavigne et al., 1988) , and a mutation that eliminates portions of the floor plate causes aberrant growth of axons after they reach this region (Bovolenta and Dodd, 1991) . In mammals, the optic chiasm is the midline decision point for sorting out of retinal ganglion cells that will project ipsilaterally or contralaterally, as required for binocular vision. Axons from the eye enter the chiasm through the optic nerve. In the mouse, most retinal ganglion axons cross at the midline to the contralateral optic tract (Bovolenta and Mason, 1987) , but growth cones of some temporal axons appear to recognize an inhibitory substrate at the midline and turn abruptly away to the ipsilateral optic tract (Sretavan and Reichardt, 1993) .
It is not clear which intrinsic growth cone components determine behavior at these regions. One important element must be a powerful amplification system because even a single filopodial contact with an inhibitory cell can initiate turning behavior and growth cone collapse (Honig and Burden, 1993) . One protein speculated as crucial to this amplification is the growth-associated protein GAP-43.
GAP-43 was originally identified as an axonally transported protein that is greatly induced during axonal regeneration (reviewed by Benowitz and Routtenberg, 1987; Skene, 1989; . It is expressed at very high levels during vertebrate nervous system development and is predominantly localized to the internal surface of the growth cone membrane. Its role is debated. There is evidence that it is required for axonal extension, since antisense GAP-43 oligonucleotides decrease neurite extension from cultured dorsal root ganglion (DRG) neurons (Aigner and Caroni, 1993) , intracellular anti-GAP-43 antibodies decrease neurite formation from neuroblastoma cells (Shea et al., 1991) , and overexpression of GAP-43 increases the propensity of PC12 cells to extend neurites (Yankner et al., 1990) . However, PC12 cells with greatly decreased levels of GAP-43 can extend neurites (Baetge and Hammang, 1991) . It has also been proposed as a contributor to growth cone morphology because, when expressed in nonneuronal cells, GAP-43 induces the formation of filopodia (Zuber et al., 1989; Widmer and Caroni, 1993; Strittmatter et al., 1994a) . Whether this effect is exerted by affecting cytoskeletal or membrane elements or by altering responsiveness to filopodia-inducing stimuli from the environment is not clear.
An alternative proposed function for GAP-43 is to modulate the growth cone signal transduction systems that respond to extracellular signals . GAP-43 can interact with several components of signal transduction pathways. An amino-terminal domain of GAP-43 stimulates GTP binding to Go (Strittmatter et al., 1990 (Strittmatter et al., , 1994b , and GAP-43 greatly augments the action of G protein-coupled receptors when injected into Xenopus laevis oocytes . A separate domain of GAP-43 can bind to Ca2÷-free calmodulin, and this binding is blocked by protein kinase C-mediated phosphorylation of GAP-43 (Alexander et al., 1987 (Alexander et al., , 1988 . gene, the targeting vector, and the properly disrupted gene. The disruption completely replaces exon II of the GAP-43 gene, which accounts for 85% of the protein coding sequence. The location of a DNA probe (5'GAPII) utilized for most Southern blots is outside of the targeting vector; it hybridizes to a 7.8 kb band in Bgll digests of the native gene and a 8.5 kb band in the properly disrupted gene. The structure of the targeted gene was confirmed by use of the additional restriction enzymes and probes indicated on the figure. (B) Southern blot analysis showing correct targeting in ES cells and mutant mice, using Bgll-l-digested genomic DNA hybridized to the 5'GAPII probe. The left panel illustrates the hybridization pattern for DNA from tails of mice, either wild-type mice (lane a), homozygous mutant mice (lane b), or heterozygous mice (lane c). The right panel demonstrates the pattern from two secondary ES clones after selection of a culture of heterozygous targeted ES cells with a high concentration of G418. Lane e is a clone that maintained a heterozygous genotype; lane d is from a clone that has only the targeted allele. (C) Western blot for GAP-43 expression in knockout mice. Animals were sacrificed 1 day after birth and genotypes were determined. Total brain homogenates from homozygous mutant mice (lanes a), from heterozygous mice (lanes b), and from wild-type mice (lanes c) were prepared and analyzed for GAP-43 by immunoblotting. The protein content was 3, 20, or 100 pg/lane. Note that no GAP-43 i mmunoreactivity is evident in the homozygous mutant mouse samples even when the maximum amount of protein is loaded.
To distinguish whether GAP-43 has an essential role in the creation and extension of axons or growth cones, whether it has a regulatory role in growth cone sensory mechanisms, or both, we have used homologous recominbination to create cell lines and mice that lack the GAP-43 protein. We find mice lacking GAP-43 have decreased survival, although their brain is grossly normal and their cultured nerves extend growth cone-tipped axons. Careful assessment of developing stages reveals defects in neuronal pathfinding.
Results

Disruption of the GAP.43 Gene by Homologous Recombination
The structure of the rat GAP-43 gene has been described in detail by Grabczyk et al. (1990) . It contains three widely separated exons, and 85% of the protein coding sequence is encoded by the second exon, the first encoding only 10 amino acids. We isolated mouse genomic clones and confirmed that the splice sites were similar in mouse and rat. We constructed a gene-targeting vector using a mouse genomic clone containing exon II, which we replaced with the neo gene ( Figure 1A ). After transfecting this DNA into J1 mouse embryonic stem (ES) cells, we applied positivenegative selection (Mansour et al., 1988) to isolate 512 independent clones, of which six contained the correctly inserted replacement. By extensive restriction mapping, all six clones appear to be the result of a simple replacement event. These clones were utilized for production of chimeric mice. Offspring heterozygous at the GAP-43 locus were bred to homozygosity, as confirmed by Southern blot analysis ( Figure 1B) . Mortensen et al. (1988) have described a method to derive secondary ES clones doubly replaced with the mutant allele. After increasing the selection pressure for the neo gene with a 1.5 mg/ml concentration of G418, we isolated 37 secondary clones derived from one of the six original clones. Of these 37 clones, 15 (40%) no longer contained the wild-type allele ( Figure 1B ).
ES Cells Lacking GAP-43 Differentiate into Neurons and Extend Axons
To assess neuronal phenotype in the absence of GAP-43, we differentiated these secondary GAP-43 homozygous clones by suspension culture and retinoic acid treatment. The parental J1 line (wild type for and the primary recombinant clones (heterozygous) yielded a low but easily detectable number of neurons under these conditions (approximately 1% of all ceils in the culture). These neurons can be detected by immunohistologic staining for either GAP-43 or neural cell adhesion molecule (N-CAM) ( Figure 2 ). The secondary clones that lack both wild-type GAP-43 alleles do not exhibit GAP-43 immunoreactivity when cultured in this manner ( Figure 2 ). However, when stained for N-CAM, the number and morphology of immunoreactive profiles are indistinguishable from those in control cultures ( Figure 2C ). Thus, cells can differentiate into neurons and extend long processes in the absence of GAP-43. Quantitative assessment of axon outgrowth was not possible in this mixed culture system.
Mice Lacking GAP-43 Have Poor Weight Gain and Decreased Survival
Mice heterozygous for GAP-43 are indistinguishable from wild-type mice. Homozygous mice are born from heterozygous crosses at the frequency predicted by Mendelian ratios; for n = 225, 25% were wild type, 51.5% were heterozygous, and 23.5% were homozygous. Immunoblot analysis of brains from postnatal day 1 (P1) shows intense staining for GAP-43 in the wild-type mice, decreased staining in the heterozygous mice, and no detectable protein in the knockout mice (see Figure 1C ).
The survival of the homozygous mutant mice is greatly decreased. About 45% of the animals die within the first 2 days of life. Another 45% die between 2 and 3 weeks after birth, at the time of weaning from the mother. Only 10% of the animals without GAP-43 survive past 3 weeks.
The body weight and general appearance of the homozygous mice are normal at birth. Over the next month, the rate of weight gain is poor, such that body weight is 55% _+ 5% (n = 12) of control littermates at 15 days of age. After wild-type and heterozygous animals reach adult size, the knockout mice continue to grow, and by 3 months of age, the body weight of the surviving hornozygous mice is 90% _+ 4% (n = 4) of control.
In autopsy examination of homozygous mice, the stomach and intestine were devoid of food in all cases. This finding, coupled with the poor weight gain and the coincidence of many deaths with the time of weaning, suggests that starvation contributes to death of the mutant animals.
Over the first 3 months of life, qualitative behavioral observation reveals no gross abnormality in the homozygous mice. No evidence of major motor or sensory deficits is present in these animals. They remain alert, orient to sound, move all limbs symmetrically, and explore the cage to a similar degree as do the wild-type and heterozygous Immunostaining for L1 demonstrates the trigeminal system in GAP-43 wild-type (A and C) and GAP-43 homozygous (B and D) embryos at E14. Note that the neuronal pathway (arrowheads) extends from the trigeminal ganglion (t) to the skin in these horizontal sections. There are no differences between control and knockout embryos, The scale bar is 500 p,m.
animals. Sucking and rooting reflexes are present. There is a suggestion that reproductive-related behavior is abnormal, although observations are necessarily limited because only a very few homozygous mice reach maturity. Extensive attempts at mating male and female homozygous adult mice have produced no pregnancies. Two female homozygous mice when mated to heterozygous males produced litters of normal size, but nursing was poor and all offspring died within 1 week of birth.
Mice Lacking GAP-43 Have a Grossly Normal Nervous System
Mice were sacrificed and examined at various stages from embryonic day 14 (E14) to P21. Gross examination of mice and organs at these ages shows no distinguishing features in the homozygous animals. Overall body weights and organ weights are comparably diminished by P15-P20 (including liver, heart, lung, kidney and stomach, and brain), but without evident morphologic abnormality. Light microscopic visualization after hematoxylin and eosin staining of cryostat sections also is unremarkable in the knockout mice. Microscopic examination at many levels of the neuraxis after Nisei staining with cresyl violet demonstrates that all of the major nuclei, tracts, and cell layers are present at P20 (data not shown).
We examined several neuronal pathways with selective histologic stains in order to begin to investigate the possibility of more subtle abnormalities. The trigeminal system was stained with an anti-L1 antibody. Most fibers projecting from the trigeminal ganglion to the face reach their targets at E13 of mouse development (Davies and Lumsden, 1984) . Since the trigeminal system of GAP-43 homozygous mice is complete at E14, the overall direction and rate of axonal extension are not dramatically different from normal (Figu re 3). The pattern of tyrosine hydroxylase (TH) immunoreactivity in the prominent nigrostriatal system appears to be normal at E19 and at P1 and P20 (data not shown). Most TH-positive fibers reach the corpus striatum at approximately E17-E18 (Specht et al., 1981 (Specht et al., a, 1981 , so the normal staining at E19 indicates that there is no significant delay in the rate of axonal projection of dopamine cells from the substantia nigra. The patch-matrix organization of TH terminals in the corpus striatum is indistinguishable between wild-type and homozygous mouse brains at these ages.
We did note that in the cerebellum of the knockout mice, nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase staining fails to concentrate in terminals adjacent to basket cells, although the overall distribution of staining in the molecular and granule layers is normal (data not shown).
DRG Neurons Extend Axons and Form Growth Cones without GAP-43
By culturing DRG neurons from embryonic homozygous mice, we assessed the properties of these neurons in a well-controlled environment. Explant cultures of E18 DRGs indicate that neurons without GAP-43 extend neurites, and quantitation reveals that the extent of neurite outgrowth on mouse laminin is the same with or without GAP-43 (neurite length is 1.5 _+ 0.08 lim in wild-type and 1.6 ___ 0.1 i~m in knockout mice after growth for 60 hr in culture; the mean length after 60 hr corresponds to an average outgrowth rate of 25 I~m/hr). The neurites lacking GAP-43 produce growth cones with a spread lamellipodial structure and filopodial extensions (Figure 4) . Thus, GAP-43 is not required to create growth cones.
Abnormal Pathfinding at the Optic Chiasm
It is clear that the mice lacking GAP-43 form neurons and that these neurons can extend axons both in vivo and in culture and assemble into a nervous system without marked differences from the wild type. It seemed possible that differences might be more marked during critical phases of development and subsequently partially repaired or compensated. For this reason, we chose to examine the optic chiasm as an accessible region where well-defined populations of neurons make discrete deci- sions at predictable times of development. Normallyl the retinal ganglion axons first arrive at the ventral diencephaIon around E12.5-E13, when most axons cross the midline to the contralateral optic tract and a small population of ventral-temporal axons turn to the ipsilateral optic tract (Godement et al., 1990) . Routing errors are infrequent, and the adult pattern is essentially in place by E15, although a few ganglion cells are born and project axons as late as E18. Time lapse shows that the fibers that grow across the midline through the chiasm do so with little or no delay in the rate of advance (Sretavan and Reichardt, 1993) . We utilized 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) to trace retinal axons in fixed tissue from mice of different ages (Bovolenta and Mason, 1987; Colello and Guillery, 1992) . In initial studies of P1 animals, Dil was applied to the cut end of one optic nerve, and the optic nerves, chiasm, and tracts were observed after the diffusion of the dye was complete ( Figure  5 ). In wild-type animals, optic nerve labeling is intense, and the majority of fibers cross the midline at the chiasm and enter the contralateral optic tract. In marked contrast, in GAP-43 homozygous mice, while there is equally intense optic nerve labeling, only very few fibers extend beyond the chiasm, as shown in Figure 5 . The few fibers that extend beyond the chiasm are equally divided between the ipsilateral and contralateral optic tracts. Some enter the contralateral optic nerve, although this aberrant projection occurs rarely in wild-type animals as well To characterize better the abnormal behavior of retinal ganglion cell axons at the optic chiasm of GAP-43 homozygous mice, we studied preparations in which a smaller group of retinal ganglion cells was labeled by placing a crystal of Dil in the nasal retina. In wild-type P1 mice, retinal ganglion cell axons traverse the chiasm in a linear fashion, with essentially no evidence of aberrant turns and staining in one focal plane ( Figure 6A ). In contrast, fibers in the optic chiasm of knockout animals are tangled, turning and coursing in seemingly random directions ( Figures  6B-6D) , so that the chiasm has an enlarged profile, and that makes it difficult to track individual fibers in one plane. This shows that the GAP-43-deficient retinal ganglion cell axons continue to extend, but do so chiefly within the chiasm rather than by entering the optic tracts.
To verify that the initial rate of axonal growth up to the chiasm is relatively normal in the GAP-43 homozygous mouse embryos, we examined the visual system at E15, 1-2 days after most retinal ganglion cells axons normally have entered the chiasm (Bovolenta and Mason, 1987) and, in fact, have grown well into the optic tracts ( Figure  7A ). In the knockout embryos, the vast majority of fibers have reached the chiasm by this time, but do not extend further ( Figure 7B ). The chiasm of GAP-43 homozygous embryos already appears more rounded and enlarged than does that of control mice. Thus, the initial extension to the chiasm occurs at close to the normal time in homozygous embryos, but then most growth cones remain trapped there for at least 6 days, from E15 to P1. To assess the eventual outcome of these abnormalities, we labeled the optic nerve of P15 mice with Dil. By this stage of development, the visual system in the homozygous mice more closely resembles that of the wild-type or heterozygous mice (data not shown). There are still some differences. In the homozygous animals, although the greatest number of fibers follow the route to the contralateral optic tract, relative to controls there still are increased numbers of fibers in the ipsilateral tract. Futhermore, an usually large number of fibers continued to be misrouted to the contralateral optic nerve. As in animals at earlier stages of development, no fibers were observed outside of these tract systems in the brain surrounding the chiasm.
Discussion
We have found that without GAP-43, axonal pathfinding during perinatal development is perturbed at the optic chiasm. Axonal growth up to this midline decision point is normal, other tracts are established on time, and, in culture, neurites grow identically to wild type. GAP-43-deficient mice tend to die shortly after birth.
GAP-43 Is Not Required for Axonal Growth Cone Formation or Extension
Because GAP-43 mRNA is enriched in developing or regenerating nerves and because the protein is prominent in growth cones, it has been an attractive hypothesis that GAP-43 is required for formation of growth cones and axonal elongation (reviewed by Benowitz and Routtenberg, 1987; Skene, 1989) . Recent attempts to address this issue by reducing GAP-43 have provided conflicting evidence on this score. Antisense GAP-43 oligonucleotides reduce or prevent growth cones and neurite growth from chick DRG neurons in a substrate-dependent manner (Aigner Figure 7 . Labeling of Retinal Ganglion Cells with Dil at E15 Dil was applied to the nasal retina of E15 wild-type (A) and GAP-43 mutant (B) mouse embryos. The optic nerve extending from the labeled eye is indicated (asterisk) in these whole-mount views of the base of the brain. In the control embryos, fibers traverse the optic chiasm and enter the contralateral optic tract (arrowheads). Note that in the GAP-43 knockout embryos, the retinal axons reach the chiasm, but few axons extend beyond the optic chiasrn. The chiasm itself is slightly enlarged and rounded. The scale bar is 120 p.m.
and Caroni, 1993), but a PC12 cell line lacking GAP-43 can generate growth cones and neurites (Baetge and Hammang, 1991) .
As we have found here, both in the intact animal and in cultures, the formation of both growth cones and neurites can occur in the absence of GAP-43. Experiments showing an antisense GAP-43 blockade to growth (Aigner and Caroni, 1993 ) may reflect methodological differences. Alternatively, we suspect that an acute depletion of GAP-43 may have effects different from those reported here for neurons or ES cell clones or for the GAP-43-deficient PC12 cell line (Baetge and Hammang, 1991) , because compensatory mechanisms may come into play over time in animals or in stable cell lines.
Decreased Survival of Mice without GAP-43
The simplest explanation for the dramatically decreased survival of the GAP-43 homozygous mice is that multiple areas of the brain have aberrant patterns of synaptic connectivity and th at this leads to behavioral deficits in feeding behavior or other autonomic functions. If the subtle changes in NADPH diaphorase are in any way characteristic, there might be focal differences in terminal numbers or enzyme synthesis, changes that will be very difficult to ascertain.
GAP-43 has been suggested to play a role in long-term potentiation and perhaps in other types of learning because of the persistant expression of GAP-43 in a few selective areas of the adult brain (Benowitz et al., 1988; de la Monte et al., 1989) and because of the correlation between GAP-43 phosphorylation by protein kinase C and long-term potentiation in the hippocampus (Lovinger et al., 1985) . The small size and reduced health of adult GAP-43 homozygous animals will make it difficult to ascribe any differences in these regard to GAP-43 deficiency per se.
Pathfinding Is Altered in the Absence of GAP-43
Although developing axons arrive from the retina at the chiasm at the usual time of development, their progression beyond that point is severly perturbed. Even 6 days after the normal adult pattern should have been established, as axons traverse the chiasm to the geniculate, axons in the mutant mice appear to continue growing within the chiasm. This creates a swirl of tangled neurites. Time lapse video analysis has revealed that growth cones normally cease growth for at most 40-60 min at the chiasm before reorienting to the appropriate tract (Sretavan and Reichardt, 1993) .
The molecular nature of the guiding signals for directing retinal axons at the chiasm has not been demonstrated. One important effect of chiasm membranes is to block ipsilateral axon growth, which occurs in culture as well (Wizenmann et al., 1993) . One potentially crucial cell population is found in the CD44-and Ll-expressing neurons in that region (Sretavan et al., 1994) . These are present even in the absence of GAP-43 (data not shown), suggesting that the problem resides in the retinal nerves rather than in intrinsic chiasm components. It is therefore probable that growth cones in the mutant mice either fail to recognize an inhibitory factor within the chiasm or fail to detect an attractive signal in the optic tracts.
GAP-43 as a Modulator of Signal Transduction in the Neuronal Growth Cone
This failure of retinal axons to register signals at a decision point is compatible with the suggestion that GAP-43 plays a role in the sensory or signal transduction mechanisms of the growth cone. Although many transduction systems are present in the growth cone , a specific role for GAP-43 with regard to G proteincoupled receptor transduction has been suggested, especially for cell surface-associated signals. The GTPbinding protein Go is a major component of the growth cone membrane (Strittmatter et al., 1990) , and the activation state of Go has effects on neurite extension in tissue culture (Strittmatter et al., 1992 (Strittmatter et al., , 1994b (Strittmatter et al., , 1994c Igarashi et al., 1993) . This G protein-coupled system appears to be particularly crucial to monitoring cell surface-associated signals. For example, N-CAM and N-cadhedn enhance growth cones and neurite extension from PC12 cells and do so via a pertussis toxin-sensitive G protein (Doherty et al., 1991) . Ligands on the cell surface of myelin and embryonic brain membranes cause growth cone collapse in large part by G protein activation (Igarashi et al., 1993) . GAP-43 can activate Go by a mechanism similar to G protein-coupled receptors (Strittmatter et al., 1990 , and when injected into X. laevis oocytes, GAP-43 greatly augments G protein-dependent signal transduction . The G protein-stimulating domain of GAP-43 modulates growth cone function (Strittmatter et al., 1994b) . Therefore, the absence of GAP-43 in neuronal growth cones may render them much less sensitive to extracellular growth cone guidance cues that are normally mediated by G proteins.
Experimental Procedures
GAP.43 Gene and Targeting Vector
To obtain a mouse genomic clone for GAP-43, we screened a C57BL/ 6 EMBL3 ~. phage library with an 800 bp random prime (32P)-Iabeled DNA fragment containing the entire coding region of rat GAP-43 (Karns et al., 1987) . Five primary clones were isolated from 5 × 105 independent clones, Oligonucleotide probes and PCR were utilized to verify that the intron-exon structure was identical to that published for rat (Grabczyk st al., 1990) . One clone contains exon I, two contain exon II, and two contain exon III. A targeting vector was constructed from one of the clones containing exon II (85% of the protein coding sequence)in the plasmid pPNT (Tybulewicz et al., 1991) . The construct contains 3.9 kb of intron 5'to exon II, a nee expression cassette in place of exon II, 3.6 kb of intron sequence 3' to exon II, and an HSV-TK expression cassette. Both the neo and tk cassettes utilize the pgk promoter/enhancer for high level expression in ES cells (Tybulewicz et al., 1991) .
For Southern blot analysis of ES clones and mouse tails, samples were digested with proteinase K, extracted with phenol, extracted with chloroform, and then ethanol precipitatecL Genomic DNA (15 p.g) was digested with Bgll and then electrophoresed on a 0.55% agarese gel. After blotting to a nylon membrane, the GAP-43 sequences were visualized with a 32P-labeled probe derived from a region immediately 5' to the region of GAP-43 intron included in the targeting vector. The probe was hybridized at 42°C in 500/0 formamide, 5 x SSPE and was washed at 63°C with 0.1 × SSC, 0.1O/o SDS.
ES Cell Culture
The culture of J1 ES cells on embryonic fibroblast feeders has been described previously (Li et al., 1992; Huang et al., 1993) . To trensfect the GAP-43 targeting vector, we electroporated 107 ES cells with 50 p,g of linearized targeting vector in 0.9 ml at 240 mV and 960 I~F with a Bio-Rad GenePulser. After plating on a feeder layer of G418-resistant fibroblasts, selection was initiated at 24 hr with 250 i~g/ml G418 and at 48 hr with 0,2 p.M ganciclovir. Clones were picked 8 days after electroporation and expanded in 24-well dishes. Half of the sample was frozen and half was analyzed for GAP-43 gene structure.
ES cultures were differentiated as described previously (Robertson, 1987) . ES cells were cultured as a suspension for 4 days to produce embryoid bodies and then plated without feeder cells for 10-15 days. The medium for differentiation was DMEM, 10% fetal bovine serum with 0.1 p.M retinoic acid added after suspension culture.
Production of Chimeric Mice
C57BL/6 blastocysts were collected 3.5 days after conception, and 15-20 ES cells were injected into each blastocoele. We introduced 3-10 injected blastocysts into one uterine horn of a 2.5 day pseudopregnant (C57BL/6 x DBN2)FI mouse. Mice with >50% coat color chimerism were backcrossed to C57BL/6 mice, and germline transmission was scored by the presence of agouti offspring. Each of the six targeted ES clones were injected, and a male chimera with >90% coat color chimerism gave germline transmission.
Histologic Studies
Differentiated cultures of ES clones were fixed with 3.7% formaldehyde, PBS end then stained with a monoclonal anti-mouse N-CAM antibody (1 p,g/ml; Boerhinger Mannheim) or 1:1000 anti-GAP-43 rabbit antiserum (Strittmatter et al., 1994a) . Bound antibody was detected by fluorescence microscopy after incubation with fluorescein-conjugated anti-mouse or anti-rabbit IgG antibody.
Mice were sacrificed by CO2 inhalation and then, after opening the cranial cavity, fixed with 4% paraformaldehyde in PBS by immersion at 4°C for at least 24 hr. Floating sections of 20-200 ~m were cut with a vibratome, or frozen sections were cut at 10 I~m on a cryestat. Free-floating sections were incubated with primary antibody overnight at 4°C in PBS, 0.1% Tween 20, t % normal goat serum. Affinity-purified rabbit anti-mouse L1 (a gift of M. Schachner, Zurich, Switzerland) was diluted to 1 I~g/ml, and rabbit antiserum to rat TH (PeI-Frez) was diluted 1:1000. Bound antibody was detected using the avidin-biotin complex method (Vector Labs) with diaminobenzidine as a peroxidase substrate. Omission of the primary antibody abolished all staining. NADPH diaphorase staining was achieved by a 30 rain 37°C incubation in 1 mM NADPH, 0.2 mM nitroblue tetrazoliurn, 0.1% Triton X-100, 0.1 M Tris-HCI (pH 7.4).
DRG Culture
Pregnant mice from heterozygote backcrosses were sacrificed by CO2 inhalation 18 days after conception. Fetuses were removed, and the lumbar DRGs were isolated and explanted onto PLL/laminin-coated glass chamber slides and cultured in F12 medium with 10% fetal bovine serum and 20 ng/ml of nerve growth factor (Igarashi et al., 1993) . Specimens were fixed 60 hr later with 2% glutaraldehyde, PBS and examined under Nomarski optics.
Neurite length was measured by an adaptation of described methods (Argiro and Johnson, 1982; Kr6ger and Schwarz, 1990 ) using a calibrated ocular micrometer.
Axonal Tracing Methods
To label optic nerves, we removed fixed brains from the cranium with the optic nerves attached. Of a 10 mg/ml solution of Dil (Molecular Probes) in dimethlyformamide, 1 p.I was applied to the cut end of the left optic nerve. The preparation was then maintained at 37°C in 3.7% formaldehyde, PBS for 7 days (E15 and P1 samples) or for 21 days (P15 samples). Fluorescence labeling of the visual system was observed in whole mounts and in 20-100 pm horizontal vibratome sections.
To label retinal ganglion cell axons from the eyes of fixed heads, we removed the cornea and lens, and a small crystal of Dil was placed on the exposed retina. After 7-14 days at 37°C in 3.7% formaldehyde, PBS, the brain was removed for examination.
